Background Distal radioulnar joint (DRUJ) instability is an important cause of ulnar-sided wrist pain in distal radius fractures. However, instability is frequently undiagnosed and the clinical and radiographic factors associated with instability are not well understood. Questions/purposes We therefore identified clinical and radiographic factors associated with DRUJ instability in distal radius fractures. Patients and Methods We retrospectively reviewed all 221 patients who underwent surgical treatment for unstable distal radius fractures from 2007 to 2010. Ten patients (five men and five women) had DRUJ instability by intraoperative manual testing (Group I); these patients had a median age of 52 years. The other 211 patients (81 men and 130 women) (Group II) had a median age of 55 years.
Introduction
Distal radioulnar joint (DRUJ) instability is an important cause of ulnar-sided wrist pain after bony healing of distal radius fractures [9, 40] . Two to 37% of patients with distal radius fractures reportedly have DRUJ instability after bony union, and approximately 2 . 3 of these patients were symptomatic [9, 24] . A substantial proportion of DRUJ instability cases seem to be caused by injuries to soft tissue stabilizers of the DRUJ such as the triangular fibrocartilage complex [24] .
Identifying factors related to DRUJ instability would be helpful in diagnosing DRUJ instability by raising the index of suspicion among surgeons, but they are not well understood. The ulnar styloid fractures, especially at the base with greater than 2 mm of displacement, have been regarded as the risk factor for DRUJ instability in distal radius fractures [37] because of its proximity to the deep triangular fibrocartilage complex [32] . However, it still is unclear whether the displaced ulnar styloid fractures cause pain and instability at the DRUJ in patients with distal radius fractures [34, 40, 44] . One study suggested that stable internal fixation of distal radius fractures results in a stable DRUJ after bony healing regardless of the presence of substantially displaced, unrepaired ulnar styloid fractures [39] , whereas two studies [15, 35] reported no differences in the wrist function between patients with unrepaired ulnar styloid fractures and those without ulnar styloid fractures. In addition, factors other than ulnar styloid fractures have been investigated only rarely in distal radius fractures for DRUJ instability. Recently widening of the DRUJ gap was identified as a risk factor for DRUJ instability [8] .
We therefore tried to identify clinical and radiographic factors associated with DRUJ instability in distal radius fractures.
Patients and Methods
We retrospectively reviewed the data for 256 patients who underwent surgery for unstable, unilateral distal radius fractures in a tertiary trauma center from January 2007 to February 2010. Our indication for surgery was a distal radius fracture that met more than three of the following criteria before reduction: (1) dorsal angulation greater than 20°, (2) radial shortening greater than 5 mm, (3) metaphyseal comminution greater than 2 .
3, (4) an articular gap or step-off greater than 2 mm, and (5) ulnar styloid fracture [1, 3, 18] ; or one of the following criteria after reduction: (1) dorsal angulation greater than 0°, (2) radial shortening greater than 2 mm, or (3) an articular gap or step-off greater than 2 mm [20, 21] . We excluded 10 patients owing to inadequate prereduction radiographs, six for a previous history of distal radius fracture, four owing to severe comminution of the sigmoid notch, four because of bilateral distal radius fractures, two for bilateral fractures along with ulnar head/neck fractures, and nine owing to ulnar head/neck fractures. These 35 exclusions left 221 patients (221 wrists) for inclusion ( Fig. 1 ). There were 86 men and 135 women with a median age of 55 years (interquartile range [IQR], 44-63 years). The dominant hand was involved in 95 patients. One hundred forty-six distal radius fractures occurred after a fall from a standing height, 33 fractures occurred from a fall at a height greater than 1 m, 28 fractures occurred from sports-related activities, and 14 fractures were caused by traffic accidents. According to AO/OTA classification [27] , 43 fractures were Type A3, four were Type B1, 13 were Type B2, 45 were Type C1, 52 were Type C2, and 64 were Type C3. There were 18 open fractures, with a small open wound on the volar ulnar side in 17 wrists. The ulnar styloid process was fractured in 97 patients. The institutional review board of our hospital granted approval for this study.
Of 221 patients enrolled, 10 had an unstable DRUJ through intraoperative manual testing (see below), and these patients were included in Group I. On surgical exploration, all patients in Group I had triangular fibrocartilage complex avulsion injuries, eight of which were at the fovea of the ulna head (Fig. 2) , and two at the volar margin of the sigmoid notch ( Fig. 3 ). Group II consisted of 201 patients with stable DRUJ. Ten patients with an open DRUJ instability was examined during surgery. With the patient in the supine position, general or regional anesthesia was administered and sterile draping was performed. Before gowning, the contralateral normal DRUJ was examined by the surgeon (BCK) as the normal reference for the injured wrist. With the patient's elbow in 90°fl exion and forearm in neutral rotation, the surgeon firmly grabbed the distal end of the radius with one hand and tried to passively translate the distal ulna in the dorsal and volar directions with the other hand [16] . The same stress test was repeated with the patient's forearm in supination and pronation. The DRUJ of the injured wrist was examined in the same manner after stable fixation of the distal radius fracture. The stability of the DRUJ in the injured wrist was assessed by comparison with the normal wrist because the amount of joint relaxation varies among individuals [10] , and was categorized as no instability, moderate instability (increased translation of the DRUJ with firm end), or severe instability (increased translation without firm end). Because the dorsoulnar fragments might be a cause of DRUJ instability without a triangular fibrocartilage complex injury [6] , we fixed them with one or two K-wires (1.4 mm) under arthroscopic guidance. Surgical exploration of the DRUJ and repair of the deep triangular fibrocartilage complex was performed for patients with moderate or severe DRUJ instability. Exposure of the DRUJ was performed using a volar approach as previously described [4] . Briefly, the capsule of the DRUJ was reached through an interval between the ulnar neurovascular bundle and finger flexors. The capsule was opened by making a transverse incision. A Freer elevator was inserted into the space between the ulnar head and the triangular fibrocartilage complex to more clearly observe the foveal insertion of the deep part of the triangular fibrocartilage complex. Any injury to the deep triangular fibrocartilage complex was recorded and repaired with a 1.8-mm suture anchor (Mitek, Westwood, MA, USA) except for that in a 70-year-old woman with a low activity level and with nondominant hand involvement. The DRUJ was pinned with two 1.6-mm wires in five patients. Surgical exploration of the DRUJ also was performed for patients with open wounds at the wrist as an adjunct to wound debridement. One hundred sixty-three distal radius fractures were treated by mini-open and/or arthroscopically assisted reduction and fixation with K-wires, or K-wires After surgery, a sugar tong or long arm splint was applied with the forearm in neutral or 30°supination for 6 weeks for all patients with DRUJ instability. Physiotherapy for edema control and finger motion was started on the day of surgery. Active and passive motion of the wrist was initiated under the supervision of the surgeon 6 weeks after surgery for 10 times per session and three sessions per day. For patients with a stable DRUJ, the same hand and wrist physiotherapy regimen was used. However, wrist physiotherapy was started at different times per fixation methods. Patients treated by K-wire pinning or K-wires and external fixation wore a sugar tong or removable splint, respectively, for 6 weeks and then began wrist physiotherapy. Patients treated by ORIF wore a removable splint for 2 weeks and started wrist physiotherapy thereafter. All patients in Group I and 186 patients (88%) in Group II were followed for more than 6 months. In Group I, one patient whose triangular fibrocartilage complex rupture was not repaired had symptomatic DRUJ instability, however, she declined to undergo surgical reconstruction. In Group II, no patients had DRUJ instability.
One of us (BKS) evaluated the true posteroanterior (PA) and lateral images of all 221 patients. The extensor carpi ulnaris groove criterion was used to identify true PA radiographs, in which a longitudinal line that crosses the midpoint of the ulnar styloid should be observed medial to the extensor carpi ulnaris groove [22] . The scaphopisiocapitate criterion was used to identify true lateral radiographs, in which the volar cortex of the pisiform should be seen between the volar cortex of the scaphoid tuberosity and that of the capitate head [30] . We measured radial inclination, radial length, dorsal tilt, and ulnar variance for all 221 patients using the central longitudinal axis of the radius, as previously described [19] . The interobserver and intraobserver agreement of these radiographic parameters reportedly is greater than 0.7 [5, 19] . When measuring ulnar variance, radial length, and radial inclination, the dorsal margin of the sigmoid notch was used as a reference point for dorsally displaced distal radius fractures, and the volar margin of the sigmoid notch was used for volarly displaced distal radius fractures (Fig. 4) . All measurements were made with semiautomated image analysis software installed in the picture archiving and communications system (PACS; PiViewStar; Infinitt, Seoul, Korea), which inserted line drawings and calculated lengths and angles after an observer manually determined reference points on the periphery. Radiographic measurements using semiautomated software and digital images reportedly provide better interobserver reliability and intraobserver reliability than those with hands and conventional films [5, 11] .
Patients in Group I (with DRUJ instability) and Group II (without DRUJ instability) were compared for age, gender, side of the injury, involvement of the dominant hand, mode of injury, fracture type (AO/OTA), coexisting ulnar styloid fracture, presence of an open wound, and radiographic indices, using the Mann-Whitney test for continuous variables and Fisher's exact test for categorical variables. We then calculated relative risk and the 95% CI of each variable associated with a p value less than 0.05 between groups. For convenience we converted ulnar variance into a dichotomous variable (ulnar variance C 6 mm or not) based on the result from the analysis of the receiver operating characteristics curve, in which the use of 6 mm of ulnar variance as the cut-off point gave the highest accuracy in differentiating between groups [29] .
A post hoc power analysis was performed with the Mann-Whitney test for continuous variables and Fisher's exact test for categorical variables as a model for our study, assuming an occurrence rate of 4.5% for the DRUJ instability. To calculate sample sizes for radiographic parameters, we used a 95% tolerance limit [19] for each parameter as a meaningful difference. For continuous variables, sample sizes of two, four, four, and 11 in Group I, and 32, 80, 94, and 243 in Group II were necessary to achieve a statistical power of 80% to assess radial length, radial inclination, ulnar variance, and dorsal tilt respectively. For categorical variables, sample sizes of 27 in Group I and 570 in Group II were necessary to achieve a statistical power of 80% for assessment of the rate of highenergy injury.
Results
An open wound was present in a greater percentage (p \ 0.001) of patients in Group I versus Group II, eight of 10 versus 10 of 211 (4.5%), respectively ( Table 1 ). The ulnar variance on the prereduction radiograph was greater (p \ 0.001) in Group I versus Group II, 9 mm (IQR, 7-13 mm) versus 4 mm (IQR, 2-5 mm). Likewise, an ulnar variance of 6 mm or greater was more prevalent (p \ 0.001) in Group I versus Group II, eight of 10 versus 34 of 211 (16%). A high-energy injury showed a trend (p = 0.09) toward greater occurrence in Group I. The incidence of a coexisting ulnar styloid fracture was similar (p = 0.75) between groups whether the base was involved or it was displaced greater than 2 mm.
The presence of an open wound and ulnar variance of 6 mm or greater increased the risk of having DRUJ instability even after stable fixation of distal radius fractures ( Table 2 ). The presence of an open wound in a patient with a distal radius fracture increased the probability (p \ 0.001) of DRUJ instability by 45-fold (95% CI, 10.3-196.7). An ulnar variance of 6 mm or greater on the prereduction radiograph increased the probability (p \ 0.001) of DRUJ instability by 17-fold (95% CI, 3.8-77.4). The probability of DRUJ instability in this study cohort was 55% for patients having both factors and 0% for those without any of them (Table 3 ).
Discussion
DRUJ instability is an important cause of ulnar-sided wrist pain after bony healing of distal radius fractures [9, 25, 40] . The factors associated with this injury, however, rarely have been studied. Because of its anatomic proximity to the triangular fibrocartilage complex, fracture of the ulnar styloid at its base has been postulated to cause DRUJ instability [12, 28, 33, 37] . However, well-designed studies consistently denied the association between symptomatic DRUJ instability and the ulnar styloid fracture in distal radius fractures [15, 35, 39, 44] . Recently widening of the DRUJ gap was identified as an independent risk factor for DRUJ instability in distal radius fractures [8] . In this study, we tried to identify clinical and radiographic factors associated with DRUJ instability in distal radius fractures.
There are several limitations to this study. First, subjectivity might be introduced in the evaluation of DRUJ Fig. 4A -D One of two reference points, the volar (*) or dorsal (m) margin of the sigmoid notch, may be used for measurement, as shown in these (A) PA and (B) lateral radiographs. In a dorsally displaced fracture of the distal radius, the dorsal margin of the sigmoid notch is used for measuring ulnar variance, radial inclination, and radial length, and in a volarly displaced fracture, the volar margin of the sigmoid notch is used for these measurements, as shown on these (C) PA and (D) lateral radiographs. RL = radial length, RI = radial inclination, UV = ulnar variance, DT = dorsal tilt. instability because only clinical assessment was performed. However, no gold standard for diagnosing DRUJ instability has been established. The clinical assessment methods we used also were used in multiple previous studies [8, 16, 26, 36, 42] . Furthermore, physical evaluation methods correlate with intraoperative findings better than CT and show higher interobserver reliability in the assessment of DRUJ instability [8, 16, 36, 42] . Second, we could not use more advanced statistical methods like logistic regression analysis because the number of observations available as a dependent variable was insufficient. Instead, we calculated the relative risks and confidence intervals to assess the effect of clinical and radiographic factors on DRUJ instability in distal radius fractures.
We found an increased positive ulnar variance of 6 mm or greater and an open wound at the wrist increased the risk of DRUJ instability even after stable fixation of distal radius fractures in our patients. Few studies investigate the factors associated with DRUJ instability in the setting of distal radius fractures. Lindau and Aspenberg found no radiographic parameters associated with DRUJ instability [24] , but Fujitani et al. [8] reported that widening of the DRUJ gap was the only risk factor for DRUJ instability. These discrepancies between studies arise from differences in study setting. First, methods of measurement for radiographic parameters are different. Fujitani et al. measured ulnar variance as a distance from the volar margin of the sigmoid notch to the tip of the ulnar head, regardless of the direction of fracture displacement [8] . This method is likely to give an underestimation of ulnar variance, because the dorsal margin of the sigmoid notch is more proximally located than the volar one in fractures with dorsal tilt greater than 0°. However, we used the volar or dorsal margin of the sigmoid notch based on the direction of fracture displacement in measuring ulnar variance. We think this method represents the longest distance from the fovea of the ulnar head to the sigmoid notch ( Fig. 4) and would be more sensitive in revealing the difference in ulnar variance between groups. Our finding is consistent with those of previous biomechanical studies that showed an increase in ulnar variance greater than 5 mm resulted in DRUJ instability and triangular fibrocartilage complex rupture [7, 31, 38] . Second, variables chosen for examination differed among studies. The DRUJ gap and open wound were not examined as a variable in our study or that of Fujitani et al. [8] , resulting in different conclusions. Third, sample sizes for DRUJ instability in the abovementioned studies are so small that they may include only a unique set of samples not representative of the entire population with DRUJ instability with distal radius fractures.
We found that all the patients with DRUJ instability (n = 10) had a deep triangular fibrocartilage complex avulsion from the fovea of the ulnar head or the sigmoid notch, whereas patients without DRUJ instability who underwent surgical exploration of the DRUJ (n = 10) did Given that open wounds usually are related to a high-energy injury, it seems likely that a high-energy injury would act as a confounding factor correlating with an open wound and DRUJ instability. However, the presence of highenergy injuries was similar between the groups, perhaps owing to an insufficient number of patients. Further study with adequate power is necessary to assess the role of a high-energy injury regarding DRUJ instability in distal radius fractures. We found a stable DRUJ in 45% of patients having an open wound and ulnar variance of 6 mm or greater observed on the prereduction radiograph. This suggests that these factors are not specific despite being sensitive. Thus, DRUJ instability should be judged by manual testing rather than by these factors.
Patients with DRUJ instability had a greater rate of open wounds and more positive ulnar variance observed on prereduction radiographs than patients without DRUJ instability with distal radius fractures. An open wound and positive ulnar variance of 6 mm or greater on prereduction radiographs were risk factors of DRUJ instability in the setting of distal radius fractures. Thus, patients with these factors should be evaluated carefully for coexisting DRUJ instability.
